In this work, epitaxial (001) BiFeO 3 thin films were deposited on SrTiO 3 and TbScO 3 single-crystal substrates and analyzed with high-resolution x-ray diffraction-reciprocal space mapping. A basic method was developed to extract structural details of the as-grown BiFeO 3 film, including (i) epitaxial strain, (ii) ferroelastic domains, and (iii) lattice rotations. After demonstrating the method, extrinsic distortions at vertical twin walls were determined for specific BiFeO 3 heterostructures. A relatively large distortion (0.20°6 0.08°) was measured in a multidomain (12) and incoherent film, while a nearly intrinsic distortion (0.04°6 0.03°) was measured in a two-domain coherent film. This work offers insights into the structure of multiferroic BiFeO 3 thin films with a general approach that is appropriate for low symmetry epitaxial heterostructures.
I. INTRODUCTION
The low rhombohedral symmetry of prototypical multiferroic BiFeO 3 often causes complex domain structures, even in bulk crystals. 1 A common approach to limit the complexity and open avenues for device realization is through epitaxy, where a well-suited technique to extract the structural details of these engineered epitaxial BiFeO 3 thin films is high-resolution x-ray diffraction and reciprocal space mapping (HRXRD-RSM). For BiFeO 3 , HRXRD-RSM is especially attractive because high crystalline quality epitaxial thin films can be deposited resulting in relatively sharp Bragg reflections. [2] [3] [4] Additionally, in comparison with other rhombohedrally distorted perovskite based materials, including LaAlO 3 and PbZr 1Àx Ti x O 3 (x % 0.25), the bulk rhombohedral distortion (a r ) in BiFeO 3 is relatively large, a r 5 89.43°. [5] [6] [7] This causes peaks from different structural domains to exhibit large splitting in reciprocal space increasing accessibility.
Although these advantages exist, certain details of the epitaxial BiFeO 3 film structure remain uncovered. In particular, ferroelastic twin walls are known to have unique properties in comparison with the bulk systems. [8] [9] [10] However, understanding properties of twin walls in BiFeO 3 thin films is still at its infancy. 11 In this study, HRXRD-RSM was used to measure the extrinsic distortion of vertical twin walls in (001) BiFeO 3 . This was achieved by using a basic method to extract structural aspects of the film including (i) epitaxial strain, (ii) domain arrangements, and (iii) lattice rotations; from which, the twin wall distortion was calculated. Interestingly, although coherent twin walls are preferred to minimize strain energy, we demonstrate that semicoherent walls can exist in certain BiFeO 3 heterostructures, which exemplifies the importance of film growth kinetics on particular single-crystal substrate surfaces.
The method developed to analyze the RSM data conveniently describes the BiFeO 3 film and substrate with a subcell. The subcells used are illustrated in Fig. 1 for the two substrates chosen, SrTiO 3 with the ideal perovskite structure (Pm 3m), TbScO 3 with the GdFeO 3 type structure (Pbnm). 12 In both cases, four atoms are isolated forming the corners of the subcell. Likewise, the bulk unit cell of BiFeO 3 (R3c) was treated in the same manner (Fig. 1) . It should be noted that information like octahedral tilting was lost by not using the full unit cell description. 13 In this work, the structural details of interest, including extrinsic distortion at vertical twin walls, are sufficiently described within this simplified subcell definition.
II. METHODS
All BiFeO 3 films were deposited by radio frequency magnetron sputtering at a thickness of 200 nm. The deposition temperature and pressure was 690°C and 400 mTorr (Ar:O 2 , 3:1), respectively. After the deposition, samples were cooled to room temperature in 300 HRXRD-RSM measurements were performed using a four-circle Bruker-axsÒ (Madison, WI) D8 Advance diffractometer with a highly monochromatic Cu k a1 source. Data collection was performed in an asymmetric geometry, 15 where two-dimensional datasets were recorded. To analyze the scattering data, the subcell approach was utilized focusing on (i) epitaxial strain, (ii) domain arrangements, and (iii) lattice rotations through iterative transformations between a real space model and reciprocal space. The process is outlined with a flow diagram shown in Fig. 2 , while the underlying algebra is provided for reference in the Appendix. The correct real space model was identified by matching the transformed Bragg peak locations with the maximum scattering intensity.
III. RESULTS
The results for four (001) BiFeO 3 thin films heterostructures are presented (A-D). For the modeled Bragg peak locations, black squares and best matched white circles were used to represent the substrate and BiFeO 3 film, respectively. The twin wall configurations, if present, are also established for each heterostructure. Additionally, subscript (p) is used to denote the strain-adjusted, pseudorhombohedral subcell parameters of the BiFeO 3 films.
A. Monodomain BiFeO 3 film on vicinal SrTiO 3 substrate
Substrate miscut is known to have a large effect on the structure of BiFeO 3 thin films.
16 Therefore, to establish the utility of the x-ray method and to specifically address the structure of BiFeO 3 films on vicinal surfaces, a BiFeO 3 film was deposited on (001) SrTiO 3 substrates miscut 4°a bout [1 10 ] using a thin SrRuO 3 epitaxial interlayer (50 nm). The SrRuO 3 interlayer was included to facilitate charge screening at the interface, 17 although the SrRuO 3 peaks were ignored in the analysis.
Initially, close inspection of the (002) peak indicated that the film growth direction was macroscopically tilted from the [001] SrTiO 3 towards the surface normal. This was evident by the non-zero in-plane component (Q X Y 6 ¼ 0) of the BiFeO 3 002 peak in Fig. 3(a) . To accurately account for this tilting, a macroscopic film rotation of x f 5 0.43°aboutk 5 [1 10]/O2 was included into the model. This degree of film rotation resulted in a good match between the simulated Bragg peak locations and the experimentally measured peaks observed [
The number of structural BiFeO 3 domains was found by counting the number of observed Bragg peaks near the (002), ( 103), (0 13), ( 1 13) and (1 13
Each map exhibited a single film peak, establishing that a single structural domain (denoted as r 1 ) was enough to match the data accurately.
After the determination of the film rotation from miscut and domain structure, lattice strains were addressed. For this BiFeO 3 film, the average c p expanded 0.72% with respect to bulk (3. biaxial misfit strain (À1.4%) was partially relaxed. Shear distortions of the BiFeO 3 subcell were also isolated. Unlike the lattice parameters that exhibited strain, the subcell angles a p , b p , and c p matched well with the bulk value (a r = 89.43°) with no detectable shear distortions.
The epitaxial arrangement on the vicinal SrTiO 3 substrate is shown schematically in Fig. 3(g) . The single structural domain was labeled r 1 with the curled arrow indicating the direction of the macroscopic film rotation, x f . Since only a single structural variant was found to exist in this film, no twin walls are expected.
B. Multidomain BiFeO 3 film on exact SrTiO 3 substrate
The HRXRD-RSM method was also applied to a (001) BiFeO 3 film on an exact (001) SrTiO 3 substrate, which generated a more complex domain structure. Similar BiFeO 3 heterostructures have been reported on previously, however, without full agreement pertaining to the film structure. 15, [18] [19] [20] The RSM data for the BiFeO 3 film is shown in Fig. 4 . For the BiFeO 3 film, macroscopic film rotation (x f ) was absent. This was supported in the RSM data where the (002) indicating partial in-plane strain relaxation and similar to the monodomain BiFeO 3 film. In contrast, the 12-structural variant film exhibited small shear distortions, where a p 5 b p 5 c p 5 89.50°. This small difference of 0.07°f rom bulk BiFeO 3 (89.43°) is close to the resolution limit, yet detectable, and indicative that BiFeO 3 film is on average slightly sheared toward cubic.
A schematic of the structural variants for the film is shown in Fig. 4(g) Rare-earth orthoscandate substrates, including TbScO 3 , have reduced lattice mismatches with BiFeO 3 increasing the critical thickness for strain relaxation. 21 Also, BiFeO 3 films on (001) rare-earth orthoscandate substrates exhibit different mesostructures compared with those observed on SrTiO 3 substrates. Specifically, BiFeO 3 films on (001) TbScO 3 tend to exhibit high fractions of well-ordered (101)-type twin walls and (010)-type twin walls, which can be differentiated by rocking curves that are sensitive to (00L) splitting. 22, 23 In this subsection, a BiFeO 3 film was chosen for HRXRD-RSM analysis that exhibited an absence of (00L) splitting in rocking scan signatures (not shown).
The presence of macroscopic film tilt (x f ) was checked by observing the symmetry of the BiFeO 3 (002) reflection [Figs. 5(a) and 5(b)]. Here, each of the out-of-plane RSM maps exhibited a single sharp film reflection that was symmetric about Q X 5 0 and Q Y 5 0; therefore, no macroscopic film tilt (x f ) was present.
Although a single sharp diffraction peak existed at 002 [Figs. 5(a) and 5(b)], the number of structural domains was found to be larger than one. This was evident by peak splitting in the off-axes RSMs located at (013), (113), and
. Since a maximum of two peaks were observed, two-domain combinations were tried as models until accurately matching the scattering data. A good match was made with two ferroelastic domains (r 1 and r 4 ) off-set in-plane by 90°. Furthermore, tilting of the individual domains was not necessary to match the RSM data (x d 5 0°). Therefore, the two ferroelastic domains were found to lie flat in the (001) growth plane. Lattice strains were measured, where the out-of-plane lattice parameter elongated slightly to 3.972 Å consistent with the small biaxial misfit BiFeO 3 has with TbScO 3 (,À0.15%). The smaller lattice misfit with the substrate (,0.15%) resulted in a high level of in-plane coherency to the TbScO 3 
The arrangement of the two nontilted ferroelastic domains is depicted in Fig. 5(g) (x f 5 x d 5 0°) . Although more than two structural variants were found to exist, the absence of domain tilting meant that slanted (101)-type twin walls were present at the domain boundaries.
D. A BiFeO 3 film with rotated domains on TbScO 3 substrate
The structure of the BiFeO 3 on TbScO 3 heterostructure was again studied, in this case with a film exhibiting a high degree of (00L) splitting as evident from rocking scan signatures. Like the other BiFeO 3 film on TbScO 3 , no macroscopic film rotation ( After accurately matching the structural variants present and level of domain tilting (x d ), the strain state of the film was measured. No differences in the principle or shear strains were detected in comparison with the other BiFeO 3 film on TbScO 3 (C). Therefore, the primary structural difference between these two heterostructures was the presence of domain tilting.
The final arrangement of structural variants (r 1 and r 4 ) is shown in Fig. 6 (g) along with domain tilting. The intersection of the r 1 and r 4 tilting domains occurs at a vertical (010)-type twin wall.
IV. DISCUSSION
Ferroelasticity is fundamental to the BiFeO 3 structure. This is because BiFeO 3 has spontaneous rhombohedral strain between room temperature and typical thin films growth temperatures, ,800°C (in bulk). 24 Therefore, spontaneous strains in small BiFeO 3 islands or clusters strongly interact with the single-crystal substrate surface during the initial stages of film growth.
Substrate vicinality was one factor that strongly affected the ferroelastic domain structure. This is because ferroelastic domains located at step and kink sites experience anisotropic stresses during the initial stages of the growth process. To minimize the excess strain energy, preferred ferroelastic domain orientations are realized. 16, 25 For instance, a ferroelastic domain at a kink site defined by a (001) terrace and two intersecting step edges, (100) and (010), will preferably orient the maximum spontaneous shear strain along [111] . In this configuration, the step edges of the substrate are not competing against the spontaneous strain in the BiFeO 3 layer. This correlation between substrates vicinality and ferroelasticity was supported by the fact BiFeO 3 thin films on exact (001) SrTiO 3 exhibited four ferroelastic domains, while in contrast using a SrTiO 3 substrate with an intentional miscut (high density of kink sites) the number was reduced to single ferroelastic domain (see Table I ). Closely connected to the vicinality of the substrate was film tilting (x f ). The general film tilting behavior observed was consistent with previous studies of epitaxial heterostructures exhibiting a combination of substrate vicinality and lattice misfit between substrate and film (i.e., anisotropic strain relaxation). 26, 27 Substrate symmetry was another detail that strongly influenced the ferroelastic domain structure. Here, BiFeO 3 films deposited on exact cubic (001) SrTiO 3 substrate exhibited all four ferroelastic domains in contrast with films on exact orthorhombic (001) TbScO 3 substrate that only exhibited two (see Table I ). Both substrates had low step and kink sites densities, with miscuts , 0.1°; therefore, vicinality could not explain the differences in ferroelastic structure. Instead, an interface shear mechanism was proposed based on the shape and arrangement of the BiFeO 3 film subcells and substrate subcell. (Fig. 1) . Therefore, it is suggested that the three-dimensional low symmetry of the TbScO 3 lattice causes anisotropic bonding (net) across the interface causing a reduction in the number of ferroelastic domains. Although the more standard explanation is limited to the anisotropy of the 2D rare-earth orthoscandate plane, 22, 23 here it is pointed out that for TbScO 3 the percent difference between b m and 90°is 1.0%, while the percent difference between a m and b m is an order lower at 0.1%.
Local domain rotations (x d ) were also identified indicating vertical twins walls in the film, where neighboring ferroelastic domains rotate with an opposite sense to maintain structural coherency at their intersection. 28, 29 The nature of these walls was investigated more thoroughly using the local domain rotation x d and inter subcell angle a p to give a measure of the extrinsic twin wall distortion. Specifically, an intrinsic vertical twin wall with no distortion was defined by 90°À a p À x d % 0.0°, 28 Table I ). Note the larger peak widths of the BiFeO 3 film on SrTiO 3 resulted in larger uncertainties of D TW . In comparison, the inter subcell angles, a p , were fairly close for the two films, although a slight difference was detected (0.07°6 0.03°). This small difference suggested that the BiFeO 3 film on SrTiO 3 was strained slightly towards a more cubic-like subcell; however, both films exhibited values of a p close to their bulk counterpart. A larger difference, however, was detected in the value of x d where a highly nonideal value of 0.3°was found for the BiFeO 3 film on SrTiO 3 (ideal tilt, 90°À a p 5 x d ). Importantly, this means that the primary cause of vertical twin wall distortion was incomplete domain tilting (x d ).
Here, two possibilities for the incomplete domain tilting are proposed. One is strain relaxation, which was detected in the BiFeO 3 film on SrTiO 3 from the in-plane measurements of a p and b p . Strain relaxation is accompanied by the formation of misfit dislocations that can potentially annihilate preexisting coherency dislocations or pile up locally within the film; either way altering the degree at which the domain rotates across the twin wall (x d ). A second explanation is that the degree of domain tilting (x d ) varies with BiFeO 3 film thicknesses. During the initial stages of growth, ferroelastic domains are epitaxially clamped to the substrate such that the tilting (x d ) is incomplete and distortion at the boundaries is a maximum (the spontaneous rhombohedral-like strain of the subcell is roughly maintained). As the film thickness and domain size increase, buckling occurs at the boundaries partially regaining the ideal domain tilt and relieving the twin wall distortion. This process maybe exacerbated in films with complex multidomain morphologies and perhaps explains some of the differences in RSM data observed for thin and thick films of (001) BiFeO 3 on SrTiO 3 in the literature. 19, 20 Interestingly, the extrinsic twin wall distortions (D TW ) measured may also provide insights on nonequilibrium domain wall widths, which are important variables in modeling properties and domain morphologies in ferroelectric thin films. 10 Intrinsically, ferroelectric and ferroelastic wall widths are on the order of a lattice constant, but variations ;20 nm are typically observed in real samples. 30 In BiFeO 3 thin films on TbScO 3 substrates, sharp intrinsic-like vertical twin walls have been observed by high-resolution transmission electron microscopy 22 while measurements of D TW by HRXRD-RSM were near zero (Table I) . This suggests that a correlation may exist between values of D TW and the twin wall width. Using the measured value of D TW for BiFeO 3 on SrTiO 3 with the film thickness t 5 200 nm, the twin wall width can be approximated, tÁD TW % 40 nm. In comparison, for BiFeO 3 on TbScO 3 , tÁD TW % 8 nm. Therefore, vertical twin walls in BiFeO 3 films on SrTiO 3 substrates likely have larger than equilibrium wall widths according to the HRXRD-RSM analysis. This suggests that the twin wall width is not constant and will depend strongly on the degree of incomplete tilting, x d .
In summary, the structure of (001) BiFeO 3 thin films were presented with a systematic HRXRD-RSM method, which is highly appropriate to low symmetry epitaxial heterostructures. The method was developed such as to include (i) epitaxial strain, (ii) ferroelastic domains, and (iii) lattice rotations. These important structural aspects of the BiFeO 3 film laid a foundation necessary to extract the extrinsic distortion of vertical twin walls. A larger twin wall distortion, D TW , was detected in BiFeO 3 films on exact (001) SrTiO 3 substrates, in comparison to BiFeO 3 films on exact (001) TbScO 3 . The cause of this extrinsic distortion was found to originate from incomplete domain tilting (x d ) providing a path to engineer twin wall properties in epitaxial BiFeO 3 films and other low symmetry rhombohedral heterostructures.
APPENDIX
The bulk real space structures of the BiFeO 3 film and the substrates were described with individual sets of basis vectors in a single Cartesian coordinate system (see subcells in Fig. 1) . After defining the heterostructure in real space, the basis vectors were transformed to reciprocal space using standard Gibb's relations. 31 The real space lattice corresponding to the substrates was fixed. In contrast, the real space lattice of the BiFeO 3 film was matched to the data considering the following parameters: subcell definition (a p , b p , c p , a p , b p , and c p ) and parameters associated with structural variants (R), specifically (r 1 , r 2 , r 3 , or r 4 ) and lattice rotations (k, x).
The substrate lattice ( Fig. 1 ) transformation matrices were defined for SrTiO 3 
A transformation matrix was also used to define the BiFeO 3 film subcell (F) although in contrast to the substrates, the lattice parameters a p , b p , c p , and intercell angles a p , b p , and c p were made flexible as to fit the experimental data (general triclinic structure).
where,
The expressions for F were geometrically derived assuming the subcell initially lies flat on the crystallographic growth surface (F [2, 3] Four ferroelastic variations are in a rhombohedral system which quadruples the number of independent lattices that must be considered. These were accounted for using separate matrices, r [1] [2] [3] [4] , where each may be visualized as a stretching of the subcell along the ,111. diagonals (Fig. 1 
Additionally, structural variants (R) were considered to account for the possibility of lattice rotations. This was accomplished considering the ferroelastic variants (r [1] [2] [3] [4] ) and a rotation matrix. 31 Here x is the magnitude of the rotation about a unit vectork 5 [k 1 , k 2 , k 3 ]. Here discussion was limited to x f and x d , which are notations used in the text to describe lattice rotation of the entire film due to miscut and individual ferroelastic domains due to twin walls, respectively.
At this point, transformation of all the individual real space lattices of the film and substrate to reciprocal space (H K L) was performed using the standard Gibb's relations generating respective reciprocal lattices in the same coordinate system (Fig. 1) . 31 To compare with the measured 2D RSM data, the nearest scattering vector G HKL of each reciprocal lattice was projected onto the exact plane measured in reciprocal space. The projected G Proj was calculated with,
where P defines the measured plane in reciprocal space (P / is the transpose). For {002} and {103} reflections, 
A full list of reflections used in this study is given in Table II 
